First, an underlying conceptual framework has been developed to enable the growth of nanowires of virtually any uniform composition and structure, with the wide range of reported nanowires confirming these models. Second, in many cases controlled p-and n-type doping, which is critical to almost any active device application, has been demonstrated. Third, the control over nanowire growth has enabled the Electronic and optoelectronic devices impact many areas of society, from simple household appliances and multimedia systems to communications, computing, and medical instruments. Given the demand for ever more compact and powerful systems, there is growing interest in the development of nanoscale devices that could enable new functions and/or greatly enhanced performance. Semiconductor nanowires are emerging as a powerful class of materials that, through controlled growth and organization, are opening up substantial opportunities for novel nanoscale photonic and electronic devices. We review the broad array of nanowire building blocks available to researchers and discuss a range of electronic and optoelectronic nanodevices, as well as integrated device arrays, that could enable diverse and exciting applications in the future.
creation of a host of structures with modulated structure and/or doping, including axial and radial heterostructures, which allows function to be 'built-in' at the nanoscale without the need of lithography, which dominates many top-down technologies.
In this article, we review progress in the area of NW growth, the fundamental electronic and optoelectronic properties of semiconductor NWs and NW heterostructures, as well as strategies for and emerging results demonstrating their promise as nanoscale electronic and photonic devices and device arrays.
Semiconductor nanowires
At the heart of the success of NWs as versatile building blocks for nanoscience is the development of a general strategy for the controlled growth of these materials [1] [2] [3] [4] 18 . We first reported that metal nanoparticles could be used as 'catalysts' within the general context of the vapor-liquid-solid growth 19, 20 to control the critical nucleation and subsequent elongation steps of NW growth 18 . Using this approach, we showed early on that a broad range of NWs with homogeneous composition and single-crystal structures could be prepared as summarized in Fig. 1 18, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In addition, this earlier work on homogenous NW materials demonstrates that NW diameter is indeed controlled by the size of the nanoparticle 'catalyst', as suggested by the growth model 18 , with diameters as small as 3 nm realized 34 ; that NW length is proportional to growth time 28 ; and, significantly, that specific dopants can be incorporated into NWs to control their electronic properties 22, 27, 29, 31, 33, 35, 36 . The ability to control the fundamental electronic properties of NWs through doping has been central to much of our success in developing active electronic and optoelectronic nanodevices.
Another critical breakthrough in the development of NW building blocks has been the recent demonstration of controlled growth of axial [37] [38] [39] and radial heterostructures [40] [41] [42] [43] [44] [45] [46] , where the composition and/or doping is modulated down to the atomic level along or perpendicular to the axes of NWs, respectively (Fig. 1) . The growth of both types of heterostructure is possible because of our understanding of the growth mechanism first defined for homogeneous NW structures. In the case of axial heterostructures, one or more heterojunctions are created within the NW by alternating the flow of different reactants and/or dopants; this sequence can be repeated to make an arbitrary number of junctions [37] [38] [39] . In the case of radial NW heterostructures [40] [41] [42] [43] [44] [45] [46] , after growth and elongation of a crystalline NW core, conformal radial shell growth is carried out by altering the conditions to favor homogeneous deposition on the NW surface versus reactant addition at the nanoparticle catalyst. Subsequent introduction of different reactants and/or dopants produces multiple shell structures of nearly arbitrary composition. The ability to prepare controlled and diverse axial and radial heterostructures sets NWs apart from other nanomaterials, such as carbon nanotubes, and as discussed below represents a substantial advantage for the development of increasingly powerful and unique nanoscale electronic and optoelectronic devices crucial to future applications. (Figs. 2a, b) . Importantly, analysis of these results has demonstrated that our doped Si, Ge, and GaN for lengths up to 400 nm. This result shows that Si NWs are a clean system with little or no structural/dopant variation on this length scale.
Nanowire field-effect transistors
In contrast, lithographically defined Si NWs have much greater structural and/or dopant fluctuations and yield a length scale for electronically distinct regions that is over an order of magnitude smaller 51 . Notably, coherent transport has been observed in molecularscale SiNWs down to the last few charges (Fig. 2d) 50 , which further demonstrates the high quality of the NW material, long carrier meanfree-paths, and the potential to serve as a unique building block for both low-and room-temperature applications.
Applications of NWFETs
An attractive feature of NWFETs is that there is a separation of the high-temperature growth processes, which are used to prepare highquality single-crystalline material, and the low-temperature assembly and contact deposition, which enables rapid design and fabrication of a host of single-and multi-NW device structures on virtually any substrate [2] [3] [4] . Two distinct applications of this key concept include the development of high-performance, multi-NW devices and circuits on noncrystalline substrates 47, 52, 53 and arrays of single-NWFETs for sensing [54] [55] [56] [57] [58] [59] . In addition to our initial demonstration that NWFETs and inverters can be configured on flexible plastics with properties comparable to high-performance single-crystal planar devices 52 , we have recently shown that it is possible to assemble more complex ringoscillator circuits (Fig. 3a) by simple fluid-based assembly and patterning 53 . The necessary on-chip device integration is achieved during fabrication without the need for external wiring because of the high-reproducibility of SiNW FETs. Significantly, characterization of these NW ring oscillators demonstrates very stable and self-sustained output voltage oscillations with a frequency of 11.7 MHz (Fig. 3b) , which is substantially better than organic and amorphous semiconductor devices processed at low temperatures 53 . 
In addition, NWFETs have emerged as extremely powerful sensors for ultrasensitive, direct, label-free detection of biological and chemical species [54] [55] [56] [57] [58] [59] . Binding to the surface of an NWFET is analogous to applying a gate voltage, which leads to the depletion or accumulation of carriers and subsequent changes in the NW conductance (Fig. 3c ).
The small diameters and high performance of NWFETs yield high sensitivity, with the detection of single virus particles representative of their unique power 56 . NWFET sensors can also be readily integrated into electrically addressable sensor arrays, which demonstrate multiplexed, real-time detection of multiple disease marker proteins at the femtomolar level ( Fig. 3d ) 58 . This work offers potential for powerful sensors that could significantly improve healthcare in the future.
Crossed NW structures
NW building blocks and device architectures more complex than the 
Fig. 3 Applications of Si NWFETs. (a) Schematic of a multi-NW inverter on a glass substrate and a circuit diagram for a NW ring oscillator consisting of three inverters in series. (b) Oscillation at 11.7 MHz for a p-Si NW ring oscillator with V supply = 43 V. (c) Schematic illustrating multiplexed protein detection by three
The crossed NW concept has also been used to create nanoscale p-n diodes by crossing p-and n-type NWs 27, 31, 52, 60, 62 . This concept was first demonstrated for p-n crossed InP NW junctions 27 and subsequently extended to crossed NW p-n diode junctions with p-Si/n-GaN 60 , p-GaN/n-GaN 31 , and other systems. Transport measurements have shown that nanoscale junctions formed in this way exhibit the expected rectifying behavior and, moreover, band-edge emission at the nanoscale cross-points in forward bias (Fig. 5a ).
Significantly, the capability to assemble a wide range of different n-type direct band-gap NWs, including GaN (ultraviolet), CdS (green),
and CdSe (near infrared), with p-type Si NWs as a common p-type indirect bandgap material 62 has enabled the facile creation of multicolor light-emitting diodes (LEDs) on a single substrate in a manner not possible with conventional planar technology.
Our concept for crossed NW architecture was further generalized to hybrid devices consisting of n-type CdS NWs assembled onto p-type Si electrodes defined in heavily p-doped planar substrates (Fig. 5b) 63 . When the injection current increases above the threshold, these hybrid NW devices show a superlinear increase in the electroluminescence (EL) intensity at the end of the nanowire, as well as simultaneous peak narrowing to a single mode emission with instrument-resolutionlimited width, corresponding to the first demonstration of a nanoscale electronic injection laser (Fig. 5c ).
In addition to nanoscale light sources, crossed NW p-n junctions can also be configured as photodetectors critical for integrated photonics. For example, we have recently demonstrated avalanche multiplication of the photocurrent in nanoscale p-n diodes consisting of crossed Si/CdS NWs (Fig. 5d) 64 . These NW avalanche photodiodes (nanoAPDs) exhibit ultrahigh sensitivity with detection limits of less than 100 photons and subwavelength spatial resolution of 250 nm.
Moreover, the elements in nanoAPD arrays can be addressed independently without electrical crosstalk (Fig. 5e) .
Axial NW heterostructures
The integration of device function at the nanoscale can also be carried Fig. 6c) 38 . Significantly, this method yielded the first example of atomically sharp metal-semiconductor interfaces between single metallic (NiSi) and semiconductor (Si) nanowires. In these heterostructures, Si NWFET source-drain contacts are defined by the metallic NiSi NW regions, which function as excellent ohmic contacts at room temperature (Fig. 6d) , and thus provide an integrated solution for nanoscale contacts and interconnects.
The concept of modulating axial doping has also been demonstrated recently for Si NWs 39 , thereby providing another method for introducing rich function at the initial stage of building block synthesis.
Specifically, we have reported pure axial growth of n + -(n-n + ) N Si NWs with key properties, including the number, size, and period of the differentially doped regions, defined in a controllable manner during synthesis (Fig. 7a, b ) 39 . The synthetic modulation of dopant concentration can be exploited for several types of nanoelectronic devices and circuits. For example, we have used arrays of modulationdoped NWs as illustrated in Fig. 7c to create address decoders (Fig. 7d) .
A key point of this approach is that lithography is used only to define a regular array of microscale gate wires and is not needed to create a specific address code at the nanoscale as in previous work 61 . Thus it offers the potential to break lithography barriers in ultra-dense arrays.
In addition, the synthetic control of the size and separation of modulation-doped regions can be exploited to define quantum dot (QD) structures, where the band offset caused by variations in dopant concentration produces potential barriers confining the QD 39 .
Modulation-doped Si NWs having structures of the form n + -n 1 -n QD + -n 2 -n QD + -n 1 -n + (Fig. 7e , left) exhibit a single Coulomb oscillation period consistent with two weakly coupled QDs when the barrier n 2 is large and, as this barrier is reduced (through synthesis), the tunneling conductance between QDs is enhanced (Fig. 7e, right) 39 .
These studies clearly demonstrate the potential of encoding functional information into NWs during synthesis, and we believe this concept will be critical for defining unique electronic and optoelectronic device capabilities in NWs compared with lithographically patterned structures.
Radial NW heterostructures
Radial composition and doping modulation in NW structures represent another approach for enhancing performance and/or enabling new function through synthesis versus lithography [40] [41] [42] [43] [44] [45] [46] . In the context of pushing the performance limits of NWFETs, we have designed and demonstrated a one-dimensional hole gas system based on an undoped 62, 27, 64 (a)
Fig. 5 Crossed NW photonic devices. (a, left) False color scanning electron micrograph of a typical n-InP/p-InP crossed NW device, overlaid with corresponding spatially resolved EL image showing the light emission from the cross point. (a, right) Schematic and EL of a tricolor nanoLED array, consisting of a common p-type Si NW crossed with n-type GaN, CdS, and CdSe NWs. (b) Optical and room-temperature EL images of a nanolaser device, fabricated by assembling n-CdS NWs on a heavily doped p-Si substrate. The dashed line highlights the NW position. Scale bar, 5 μm. (c) EL spectra obtained from the end of the nanolaser with injection currents below (200 μA, red) and above (280 μA, green) the lasing threshold. The spectra are offset by 0.10 intensity units for clarity. (d) I-V characteristic of a n-CdS/p-Si crossed NW APD in dark (black line) and under illumination (red line); inset is the optical micrograph of an array consisting of an n-CdS NW (horizontal) crossing two p-Si NWs (vertical); the larger rectangular features correspond to metal contacts. Scale bar, 10 μm. (e) Spatially resolved photocurrent measured from the NW APD array as in the inset of (d). (Reprinted with permission from
epitaxial Ge/Si core/shell structure (Fig. 8a) 44, 45 . The valence band offset of ~500 meV between Ge and Si at the heterostructure interface serves as a confinement potential for the quantum well. Free holes accumulate in the Ge channel when the Fermi level lies below the valance band edge of the Ge core. Low-temperature electrical transport studies have shown distinct conductance plateaus corresponding to transport through the first four subbands in the Ge/Si NW (Fig. 8b) , where the subband spacings (Fig. 8c) , ΔE 1,2 = 25 mV and ΔE 2,3 = 30 mV, are in good agreement with calculations 44 . Notably, the conductance exhibits little temperature dependence, consistent with our calculation of reduced backscattering in this one-dimensional system, suggesting that transport is ballistic even at room temperature.
The unique transport characteristics of Ge/Si core/shell NW heterostructures make them excellent building blocks for high- (Fig. 8d) 45 . Another important benchmark of transistor performance is the intrinsic delay, τ = CV/I, where C is the gate capacitance, V is the power supply voltage, and I is on-current. The data again show a clear speed advantage at a given channel length, L, for the Ge/Si NWFETs versus Si p-MOSFETs (Fig. 8e) . Overall, these data verify for the first time a true performance benefit of NWs, represent the best performance achieved to date in NWFET devices, and serve as a benchmark for future development.
The generality of band-structure engineering for creating NW carrier gases has been further reinforced by our recent demonstration of an electron gas in dopant-free GaN/AlN/AlGaN radial NW heterostructures 46 . Achieving both hole and electron gases is important because they are required to enable high-performance complementary 
nanoelectronics, and to explore the fundamental properties of both one-dimensional electron and hole gases. Our designed NW structure consists of an intrinsic GaN core and sequentially deposited undoped AlN and AlGaN shells (Fig. 9a) , where the epitaxial AlN interlayer is used to reduce alloy scattering from the AlGaN outer shell and to provide a larger conduction band discontinuity for better electron confinement 46 . Notably, temperature-dependent transport data confirm the accumulation of an electron gas in undoped GaN/AlN/Al 0.25 Ga 0.75 N NWs, and yield an intrinsic electron mobility of 3100 cm 2 /Vs at room temperature that reaches 21 000 cm 2 /Vs at 5 K (Fig. 9b) , where the increased mobility at low temperature is consistent with reduced phonon scattering of the electron gas. The room-temperature value is comparable to the record value in planar GaN/AlGaN heterostructures, and substantially higher than values obtained in n-type GaN NWs. In addition, top-gated FETs fabricated 
Radial NW heterostructures for photonics
The radial NW concept also offers substantial opportunities for NW optoelectronics since the required n-and p-type active materials can be incorporated as the core and shell, which enables carrier injection or collection over a much larger area than possible in crossed NW devices and axial NW heterostructures. We first demonstrated a general strategy for realizing these structures through the synthesis of welldefined doped III-nitride-based core-multishell (CMS) NW heterostructures ( Fig. 10a) 41, 42 . In these materials, an n-type GaN core and p-type GaN outer shell serve as electron and hole injection layers, an In x Ga 1-x N shell provides a tunable band gap quantum well for efficient radiative recombination of injected carriers, and an AlGaN shell is incorporated to enhance confinement of both carriers and photons in the InGaN active layer. Current versus voltage characteristics of CMS NW devices with separate contacts to the n-type core and p-type outer shell show the expected p-n diode current rectification (Fig. 10b) . In forward bias, the devices yield strong light emission with the LED color dependent on the In composition, defined during synthesis, in the CMS NW heterostructure (Fig. 10c) .
Significantly, LED spectra collected from CMS NW devices with
intentionally increasing In composition demonstrate a systematic redshift of the emission from 367 nm to 577 nm, covering the short wavelength region of the visible spectrum. Notably, preliminary data recorded from these new CMS structures exhibit an external quantum efficiency that is comparable to InGaN-based single-quantum-well thin-film LEDs at similar emission wavelengths 65 and substantially better than previous crossed NW LEDs. The efficient injection and radiative recombination of carriers, as well as synthetically tunable emission wavelength of these radial NW devices, represent a clear advance in nanoLED sources and thus a promising pathway to multicolor NW injection lasers in the future.
Concluding remarks
We have shown that semiconductor NWs offer many opportunities for the assembly of nanoscale electronic and optoelectronic devices and arrays by the bottom-up paradigm. Central to our progress in the field REVIEW FEATURE Nanowire electronic and optoelectronic devices OCTOBER 2006 | VOLUME 9 | NUMBER 10 2 6 into the future, we believe that continued advances in our capability to control the structural/compositional complexity of NWs during growth, which correspondingly determines the functional complexity of the building blocks, together with advances in organizing them into larger integrated arrays, will lead to increasingly unique nanoelectronic and optoelectronic circuits and systems that will create the technologies of the future.
